Objective: The aim was to investigate the consequences of simultaneous stimulation of phospholipase C and D by agonists for the molecular species composition of 1,2-diacylglycerol and phospholipids in cardiomyocytes. Methods: Serum-free cultured neonatal rat cardiomyocytes were stimulated by endothelin-1, phenylephrine or phorbolester. The molecular species of 1,2-diacylglycerol (in mol%) and those derived from phosphatidylcholine and phosphatidylinositol were analyzed by high-performance liquid chromatography and their phorbolester stimulation, but not during phenylephrine stimulation. The [ C]glycerol incorporation into 1,2-diacylglycerol remained relatively constant under agonist-stimulated conditions as did the total concentration of 1,2-diacylglycerol. Conclusions: 1,2-Diacylglycerol present in unstimulated cardiomyocytes is likely derived from phosphatidylinositol. During stimulation with endothelin-1 and phorbolester, but not phenylephrine, phosphatidylcholine becomes an increasingly important source for 1,2-diacylglycerol due to sustained activation of phospholipase D. The 1,2-diacylglycerol level remains relatively constant during agonist stimulation which strongly indicates that particular molecular species of 1,2-diacylglycerol more than its total concentration determine the activation of protein kinase C isoenzymes.
Introduction
phosphatidylinositol-4,5-bisphosphate; Ins(1,4,5)P , inositol-1,4,5-tri- shown to be positive inotropic and to induce hypertrophy thin-layer chromatography; HPLC and GLC, respectively, high-performand changes in phenotype in myocardium. [1] [2] [3] . Studies ance and gas-liquid chromatography; DPH, diphenyl-1, 3,5 hexatrien; have revealed that these agonists stimulate GTP-binding (PLC-b) leading to hydrolysis of phosphatidylinositol-4,5-PLD occurs through PKC-´activation. We proved activabisphosphate (PtdIns(4,5)P ) into inositol-1,4,5-trisphostion of both PLC and PLD by ET-1, but not by PHE or 2 phate (Ins(1,4,5)P ) and the lipid second messenger 1,2-phorbol 12-myristate 13-acetate (PMA). PHE only stimu-3 diacylglycerol (1,2-DAG). More recently, PLC-g interactlates PLC-b and PMA, as expected only PLD, PMA, but ing with tyrosine-phosphorylated receptors has been pronot PHE, induced a cellular translocation / activation of posed, for angiotensin II, to be an important downstream PKC-´, -d as well as -a [12] , confirming the results of effector as well [4, 5] . At present, it is generally assumed Bogoyevitch et al. [13] and Clerk et al. [14] . 21 that activation by 1,2-DAG (and Ca ) of distinct protein Studies in cell-types other than cardiomyocytes (e.g. kinase C (PKC)-isozymes results in activation of various fibroblasts) indicate that 1,2-DAG formed in the early (15 sets of downstream targets such as raf-kinase, MAP-kinase s-1 min) transient phase of receptor-stimulation predomiand myofibrillar component proteins such as troponin I, C nantly shows fatty acids present in the PtdIns pool (stearic and C-protein which lead to the (patho)physiological acid 18:0, arachidonic acid 20:4n6) whereas the later phase responses [2, 6, 7] .
shows more saturated fatty acids such as palmitic acid 16:0 Previously, we reported that PtdIns and PtdIns(4,5)P in typically found in PtdChol ( [15, 16] and reviews [17, 18] ). 2 cultured neonatal rat cardiomyocytes have a fatty acid However, Hermans et al. [19] showed in pancreatic acini composition that is very different from phosphatidylserine that in the later phase, 1,2-DAG remains derived from both (PtdSer) and phosphatidylcholine (PtdChol) [8, 9] . Thus the PtdIns and from PtdChol. molecular species of 1,2-DAG formed by PLC-b, PLC-g Therefore, the aim of the present study was to investiand / or PLD from these phospholipids will not be the gate the changes in the molecular species of 1,2-DAG and same. 1,2-DAG, which is considered to be the major lipid PtdChol and PtdIns of neonatal rat cardiomyocytes that are activator of PKC might exert this action by its increased stimulated by ET-1, PHE or PMA, possibly more relevant total level or by altered competition between particular for activation of PKC than the absolute amount of 1,2-molecular species [10] . However, at present there is no DAG. High-performance liquid chromatography (HPLC) information on the molecular species composition of 1,2-was used for the separation of the different molecular DAG in cardiomyocytes before and after agonist stimulaspecies in free 1,2-DAG and 1,2-DAG obtained from tion.
PtdChol and PtdIns exogenously treated by PLC purified Recently, we and others [11, 12] in a shaking water bath (378C). After completion of the prepared from hearts from 1-2 day old Wistar rats as PLC-catalyzed formation of 1,2-DAG, which was routinely described before [20] using a single preplating step (surchecked by subjecting an aliquot of the ether phase to 2 face area of approximately 10 cm per rat heart) to further one-dimensional TLC using diethylether / hexane (3:2, v / v) increase cardiomyocyte to noncardiomyocyte ratio. The as a running solvent, the ether phase was collected. The cultures contain 90-95% myocytes as routinely assessed lower phase was extracted again with diethylether and by microscopical observations of cells and by usage of the combined ether phases were blown to dryness with nitroperiodic-acid Schiff (PAS) staining method to distinguish gen and subsequently dried under vacuum overnight. After myocytes from nonmyocytes. Cardiomyocytes were seeded addition of 25 mg of DNBC, the mixture was again dried 2 in 1.8, 20 or 154-cm wells / dishes (for respectively overnight under vacuum. Derivatization of the 1,2-DAGs labelling experiments, GLC and HPLC analysis) at 150 to was achieved by addition of 1 ml of dry pyridine and 3 2 175310 cells per cm giving a confluent monolayer of subsequent incubation for 15 min at 648C. The extract was spontaneously contracting cells after 24 h. Cardiomyocytes chilled on ice for 15 s and 3 ml of ice-cold water was were kept in 5% CO at 378C in complete growth medium added together with 2 ml of hexane. The water phase was 2 consisting of DMEM / M199 (4:1), 25 mM HEPES supextracted twice with 2 ml of hexane and the combined plemented with 5% fetal calf serum and 5% horse serum, hexane phases were dried under nitrogen. The extract was 100 U penicillin per ml and 100 mg streptomycin per ml redissolved in 2 ml hexane and successively washed with 2 for the first 24 h. Growth medium was renewed 24 h after ml of NaCl (1 M) and 2 ml of water. The 1,2-DAG seeding with serum-free growth medium and every 48 h subclass was separated by HPTLC using hexane-diethylthereafter. Experiments were routinely performed at 5 to 6 ether (7:3, v / v) as a running solvent. The spots were days after plating of the cells.
visualized by dichlorofluorescein (0.001% in 2 mM NaOH) and extracted with diethylether. The extract was 2.3. Molecular species of free 1,2-DAG and 1,2-DAG then washed with distilled water in order to remove the derived from PtdIns and PtdChol water-soluble degradation products. After evaporation of the ether phase the extract was dissolved in 100 ml of Cardiomyocytes were either used as control or stimuacetonitrile-isopropanol (8:2, v / v) and subjected to re- was separated from other lipids by thin-layer chromatog-UV detector. Molecular species analysis was performed raphy (TLC) using hexane-diethylether-formic acid essentially as described. [24] . The molecular species of the (30:70:2 v / v / v) as solvent. The phospholipids remaining derivatized 1,2-DAGs were identified on the basis of the at the origin were scraped off again and three times retention times obtained with standard dinitrobenzoylreextracted in chloroform-methanol (2:1) and then sepadiacylglycerols and / or the relative retention times reported rated by two-dimensional TLC according to Butikofer et by Takamura et al. [25] . An example of an HPLC al. [22] with running solvents, for the first dimension, separation of PtdChol is shown in Fig. 1 was evaluated by the Students t-test and significance was set at probability less than 0.05.
pholipids were transmethyl esterified using BF as origi-3. Results
3
nally described by Morrison and Smith [26] and as used by us in other studies [8, 27] . For the gas chromatographic 3.1. Molecular species of free 1,2-DAG and 1,2-DAG separation of the fatty acid methylesters, a CP9000 capilderived from PtdIns and PtdChol in control and agonistlary column chromatograph (Chrompack, Middelburg, The stimulated cardiomyocytes Netherlands), equipped with a CP-Sil 88-coated fusedsilica capillary column (Chrompack, WCOT 50 m30. 25 PtdIns(4,5)P , of which small amounts are endogenously 2 mm, 0.2-mm film), was used. The separated peaks were formed from PtdIns by the action of PtdIns kinases, and identified and quantified on the basis of the retention times the bulk of phospholipids PtdChol, are the endogenous as compared to those of known standard amounts [27] . The substrates of PLC-b and PLD, respectively. Therefore, we absolute total concentrations (nmol per dish) of 1,2-DAG, treated PtdIns and PtdChol extracted from cardiomyocytes PtdChol and PtdIns were also measured by GLC.
in vitro with PLC purified from C. Welchii (for PtdChol) and from B. cereus (specific for PtdIns) to obtain their constitutive 1,2-DAG molecular species. Although the 2.5. Double-label experiments PtdIns(4,5)P content in cardiomyocytes is too low for 2 accurate determination of its molecular species, it is the 14 Cardiomyocytes were labelled with both [ C])16:0 (0.5 direct substrate for PLC-b [9] . Table 1 shows the mol% of 3 mCi / ml) and [ H]20:4n6 (0.1 mCi / ml) for 24 h in the major molecular species of PtdIns and PtdChol of cells complete serum-free growth medium supplemented with unstimulated and stimulated by ET-1, PHE and PMA 0.04% fat-free Bovine Serum Albumin (BSA). Cells were during 40 min. No significant agonist-dependent differextensively washed (three times) with radioactive-free ences were found over this time period. The 18:1 / 18:1 (26 medium (containing 0.2% fat-free BSA), twice the amount mol%) appeared to be a major molecular species in of volume as during labelling. Cells were then preincuPtdChol, whereas PtdIns was mainly composed of 18:0 / bated (15 min, 378C) in medium containing 130 mM 20:4n6 (73 mol%). NaCl; 4.7 mM KCl; 1.3 mM CaCl ; 0.44 mM NaH PO ;
In order to obtain an estimate for the absolute amounts,
1.1 mM MgSO ; 20 mM NaHCO ; 0.2% glucose; 10 mM we measured the total concentration of fatty acid methyles- 4 3 HEPES; pH 7.4, 378C and stimulated with either ET-1, ters obtained from PtdChol, PtdIns and 1,2-DAG in control PHE or PMA. After termination, lipids were extracted as and ET-1-stimulated cardiomyocytes by GLC. No signifidescribed before [28] . TLC plates were pretreated by cant changes due to ET-1 stimulation in the absolute impregnation with 1% boric acid in CH OH and activated.
concentration (nmol per dish) of phospholipid and 1,2- (Table 2) . The experiments were performed with serum free cultured cardiomyocytes unstimulated or stimulated with ET-1 (10 M), PHE (10 M) or PMA cardiomyocytes. This indicates that under control con- PLC-b, however in comparison to ET-1 and PMA, it had only small effects on PLD [12] . In agreement with the latter finding is that 10-min PHE stimulation did not alter not (Table 2 ). Therefore, in order to measure the molecular the molecular species composition of 1,2-DAG (Table 3) . species composition, it was necessary to combine at least When the cardiomyocytes were stimulated with ET-1, PHE 2 two to three 154-cm culture dishes for accurate HPLC or PMA for 40 min, the mol% of 18:0 / 20:4 did not analysis. The results are shown in Table 3 . Firstly, it can decrease further. Comparison of Tables 1 and 3 may raise be noted that 18:0 / 20:4n6 is the major 1,2-DAG molecular the suggestion that the tendency to the nonsignificant species (about 57 mol%) present in unstimulated control decrease of 18:0 / 20:4 in PtdChol accounts for the reduc- The experiments were performed with serum free cultured cardiomyocytes unstimulated or stimulated with ET-1 (10 M), PHE (10 M) or PMA PtdIns contains 2-fold more (mol%) of the major com-1,2-DAG content ( Table 2 ). The total concentration of ponent 20:4n6 than PtdChol. This information was used PtdChol and PtdIns is respectively 100-and 10-fold higher for the design of the double-label experiments (see below). than that of free 1,2-DAG (Table 2) . We have not 14 3 measured the molecular species composition of 1, [15] [16] [17] [18] . On the other hand, the unusual high initial 18:0 / 20:4 content (Table 3) ET-1 and PMA stimulation of cardiomyocytes caused a of 1,2-DAG in unstimulated cardiomyocytes complicates small, but significant decrease in mol% of 18:0 / 20:4n6 in detection of the relative increase of this molecular species.
1,2-DAG after 10-min stimulation, which was accomPtdOH is the first product formed by PLD-catalyzed panied by an increase of mol% 18:0 / 18:1 and 18:1 / 18:1, PtdChol degradation. Therefore, we also tried to determine respectively (Table 3 ). Experiments were designed based its 1,2-DAG molecular species content. Unlike 1,2-DAG, upon the analyzed fatty acid composition of PtdChol and the PtdOH content was too low for accurate analysis on PtdIns (Table 4) , not showing significant changes between HPLC. Its fatty acid composition could, however, be 40-min control and ET-1 stimulation, providing additional determined on GLC and was found to have closest proof for the shift from PLC-b-induced hydrolysis of resemblance to that of PtdChol (Table 4) On the basis of the HPLC results, on one hand a both increased 9% and 32% respectively, after 10-min slightly different pattern of total fatty acid composition of ET-1 and by 16% and 40% after 10-min PMA stimulation, PtdChol and PtdIns should have been expected on GLC, which is likely due to agonist-induced increase of 1,2-but more importantly, the results on GLC prove once again DAG content (see also Fig. 3 ). In agreement with the that no changes of fatty acid patterns of PtdChol and results on molecular species composition, there were no PtdIns occur during agonist stimulation. From the data on significant changes in labelling ratio of 1,2-DAG in fatty acid composition, it can also be derived that 16:0 is a control-incubated cardiomyocytes and those stimulated by major component of PtdChol (25 mol%) in contrast to its PHE. 
Discussion
The results of this study provide for the first time, evidence that during ET-1-and PMA-, but not PHEstimulation of cardiomyocytes, PtdChol slowly becomes a significantly contributing source for formation of 1,2-DAG through sustained activation of PLD. This finding is consistent with our previous data on InsP -formation n (PLC-b activity measurements) and choline-formation (PLD activity measurements) during agonist stimulation [12] . Although the rate of formation of labelled-InsP and generated PtdOH by PtdOH phosphohydrolase [31] . Another, though unexpected finding in this study, is that the molecular species composition of 1, [28] . We repeated these isozymes (such as e, a and d) become translocated / actimeasurements for serum-free cultured cells, except that 14 vated [12] [13] [14] . Therefore, the question was becoming this time [ C]glycerol was used. Again, only a small rise 14 increasingly important whether elevation of the total 1,2-in the [ C]1,2-DAG after ET-1 stimulation was observed, DAG content and / or change in particular molecular which disappeared after 40-min stimulation (Fig. 3) . These species of 1,2-DAG determines the activation of PKCresults are consistent with the GLC analysis ( Table 2) .
isozymes. On the other hand, it cannot be excluded that PMA stimulation also did not result in a clear increase of 14 1,2-DAG formed from TAG and phospholipids is distinctly [ C]1,2-DAG. These results together with the previous compartmentalized, that elevated levels of second mes- [12] indicate that relative changes in concentration of senger molecular species of 1,2-DAG cannot be detected particular molecular species of 1,2-DAG, have more on top of the pool(s) of 1,2-DAG derived from basal TAG importance in the activation of PKC isoenzymes than its and phospholipid turnover. In one experiment, we also overall concentration.
analyzed the fatty acid composition of TAG (Table 4) , which showed a pattern different from what would be expected on the basis of the molecular species composition of 1,2-DAG in unstimulated cells. In contrast to some other reports, neither amounts of 1-alk-1-enyl-2-acyl-glycerophospholipids nor of 1-alkyl-2-acyl-glycerophospholipids in PtdChol were found, although they can easily be separated from 1,2-DAG during the preparation of DNBC-derivatives [19] . Post et al. [32] could detect small amounts of alkyl-acyl-glycero-P-choline in serum-grown neonatal rat cardiomyocytes. In the present study, however, the neonatal cardiomyocytes were kept in serum-free medium for a period of 48 h prior to the experiments. The reason for choosing these culture con- 1-alk-1-enyl-2-acyl in PtdChol of these species in panat Pennsylvania State University on March 5, 2014 http://cardiovascres.oxfordjournals.org/ Downloaded from creatic acini using the methodology for 1,2-DAG sepathis finding provides evidence that the increase of cellular ration and identification as used in this study. Thus, it 1,2-DAG level is less important in the transduction of appears that the analysis used must have been sensitive receptor-mediated signals to PKC. However, it should be enough to detect these species if they were present, and noted that 1,2-DAG may have functions apart from that other factors (such as long-term presence of serum) are stimulating PKC isoenzymes. For example 1,2-DAG can likely the cause for the absence of alkyl-acyl or alkenylbecome a source for free 20:4n6 which is the main acyl species.
substrate for cyclo-and lipoxygenase to form prostaWe are not the first to show subtle time-dependent glandins and leukotrienes, respectively [33] . changes in the endogenous 1,2-DAG molecular species
From the results it can be concluded that 1,2-DAG with only certain polyunsaturated fatty acid containing present in unstimulated neonatal rat cardiomyocytes is species showing significant agonist-stimulated decrease likely derived from PtdIns(4,5)P . During ET-1 and PMA, 2 [15, 17, 19] . Studies of a-thrombin-stimulated IIC9 chinese but not PHE stimulation, PtdChol becomes an increasingly hamster embryo fibroblasts [15] , bombesin-stimulated important source for 1,2-DAG due to only early PLC-b Swiss 3T3 mouse fibroblasts [17] and bradykinin-stimuand sustained-PLD activation [12] . Unlike that of 1,2-lated human fibroblasts [16] support the idea that DAG, the molecular species composition of PtdChol and PtdIns(4,5)P could be the source of 1,2-DAG at early PtdIns remained constant during agonist stimulation. The 2 stimulation times (15 s-1 min), but PtdChol at all times. 1,2-DAG level only rises slightly during agonist stimulaThe changes in 1,2-DAG species observed in the aforetion, whereas PKC isoenzymes have been shown to mentioned cell types and in the present study demonstrate become translocated / activated under these conditions. The not only that there may be differences in phospholipase latter result provides strong evidence that particular molecactivity or phospholipid substrate with time of agonist ular species of 1,2-DAG, more than its overall concenstimulation, but also differences in cellular responses (e.g. tration, determine the activation of PKC isoenzymes. activation / translocation of PKC isoenzymes). Although until now there is limited information concerning the specificity of molecular 1,2-DAG species in activating
